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1. 1 Runnabili ty Disturbanc.es and 
Web Tension 
It has long been recognized that web breaks, color 
register errors, web flutter, and wrinkles are the most 
important runnability disturbances of web handling processes. 
These disturbances will cause both material and time waste. 
Most of all, they might cause a fatal delay in delivery. 
From previous researchers' observations, web tension or 
tension variations have strong effects on runnability 
properties. Tension is the pulling force applied to a 
running web. In the ideal case, the tension should be evenly 
distributed across the whole web width, but in practice this 
is usually not the case. How to find a better way to measure 
tension and eliminate these disturbances has been an 
important problem. 
With the arrival of high-speed web machines and winders, 
improving the quality in the control process of web handling 
industries is important. In other words, providing accurate 
and continuous tension profiles of cross machine direction 
throughout the whole process (time records) is needed. The 
conventional tension meter is a load-cell type. This type of 
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tension meter can only measure mean tension values of the 
whole web width. It does not provide local tension 
information. Up to last decade, new techniques have made it 
possible to measure the tension distribution. These new 
tension meters are either very large or else hand-held 
devices. 
1.2 Point-Source Process 
2 
One new technique, the point-source process, is being 
developed at Oklahoma State University and sponsored by the 
Web Handling Center. This process is different from others 
by its unique excitation method. The point-source system has 
a very compact measuring head so it can be used in situations 
where little space is available. 
This process uses air pulses to generate a short-
duration wave into a web and measures the time-of-flight 
between two sensors. It also determines the wave velocity 
traveling in a web, and calculates a web's local tension with 
additional information such as web density, width, thickness, 
and Young's modulus. Determination of the phase velocity of 
the wave is the hardest part in this process because the 
pulse wave traveling along the web keeps changing its shape. 
Even by using the cross-correlation method, determining a 
wave velocity is still not an easy task. In addition, it is 
very time consuming. 
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1. 3 Objective 
The ultimate objective of this research is to improve 
the point-source process so it can also work with thicker · 
material. A study of the mechanics of wave motions in webs 
was therefore undertaken to achieve this objective. The 
experiments were conducted on a stationary setup with various 
types of webs. Point-source and loudspeaker systems were 
used as wave exciters. Sensors included Electret and B&K 
microphones, OPTEK sensors, and a laser vibrometer. To 
achieve the above objectives, the approaches in this study 
were as follows: 
1. To change pulser tube orientation and see the 
effects on wave forms at various tensions. 
2. To learn the basic concepts from a single frequency 
propagation generated by a loudspeaker system. 
3. To understand the dispersion of wave propagation in 
point-source system by studying a pseudo square wave 
pulse with frequency decomposition. 
4. To take the stiffness into account by modifying an 
existing model; and to investigate the effect of air 
load on the traveling wave velocity. 
5. To evaluate how well each model can predict tension 
by comparing it with "known" tension (dead weight). 
6. To check whether the first order Bessel function 
from the theory in optics represents a similar shape 
of forerunners as obtained in the experiments. 
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7. To learn whether the forerunner waves are created by 
the air blast from the point-source system by 
comparing air blast results with a mechanical 
excitation method. 
1.4 Present Contribution 
The experimental observations strongly suggest that the 
pulser tube should be arranged in either cross direction or 
machine direction. For a direct air pulse into a web, the 
wave forms were affected not only by an acoustical shock wave 
but also by aerodynamic effect. Tests on various types of 
webs show that the point-process works very well with a wide 
range of materials. A tensioned-plate model with air loading 
was derived but experimental results show that the calculated 
tensions are always higher than the "known" tension. 
1.5 Outline of Report 
The first chapter of this five-chapter report is the 
introduction which describes runnability disturbances and 
their relationship to web tension. The objectives of this 
study are also stated and justified. Chapter II gives a 
literature survey of web tension meters. Wave equations are 
also given for the ribbon, beam, membrane, stiffness string 
or tensioned beam, and plate models. A description of 
forerunners in optics, and precursors in piano strings is 
also presented. Chapter III describes the complete 
experimental facility, including the point-source system, 
5 
loudspeaker system, sensors, testing materials, and stiffness 
experimental setup. The experimental data and plots from the 
study are discussed thoroughly in Chapter IV. Chapter V 




The literature regarding web-tension meters has been 
extensively surveyed. Inclusion of noteworthy results is in 
section 2.1 where the emphasis is on dynamic and local 
tension measurements. Section 2.2 is a review of dispersion, 
phase velocity, and group velocity. Individual discussions 
on the wave equations for ribbon (string), membrane, beam, 
plate, and stiff string or tensioned beam models are in 
sections 2.3 through 2.7. Since the point-source process 
requires the information of the velocity of a pulse wave 
traveling in the web, the focus of attention in each model is 
the relationship between tension and velocity. Section 2.8 
addresses the effects of a point force on a string or a 
membrane. Experimental results clearly show the presence of 
forerunners (precursors) in the amplitude-time plots; 
therefore, background information about forerunners in optics 
(Sec. 2.8) and precursors in a piano string (Sec. 2.9) are 
also reviewed. 
2.1 Web Tension Measuring Principles 
and Devices 
The conventional way of measuring web tension is by 
6 
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using load cells mounted on roller bearings. These type of 
tension meter can only give the mean tension value of the 
whole web width but does not give any indication about uneven 
tension distribution or local tension peaks. To achieve 
better control of a web handling process, advanced web 
tension meters having the ability of measuring local and 
dynamic web tensions are desirable. 
Tidningspapersbrukens Fordkningslaboratorium (TFL) in 
Sweden developed a device involving an acoustic chamber 
(1,2). Measurements of the amplitude of the web determines 
its tension, where as a loudspeaker generates an acoustic 
wave at the measuring head. This device can measure tension 
variations and record cross-direction (CD) tension profiles. 
The Altim Tensometer is an acoustic and non-contacting 
tension meter, marked by Altim Control Company (1-4). A 
loudspeaker induces a wave into a web. The wave propagates 
in the machine direction and its velocity depends on applied 
tension. With two microphones placed on each side of the 
sound source as sensors, double measurements in both 
directions cancel out the web's speed. Then by employing the 
cross-correlation method and advanced digital signal 
processing techniques, the Tensometer can obtain the wave 
velocity. With calibration data, local tension and a tension 
profile of the web can be drawn. However, this device is no 
longer in production. 
STFI's web tension indicator made by Swedish Forest 
Products Research Laboratory also uses a loudspeaker to 
vibrate a web (5). However, it measures tension by relating 
the tension to resonant frequency which increases with 
increasing tension. Adjusting the phase difference between 
input and output signals in this vibrating system controls 
and holds the resonant frequency. Then, based on the 
vibrating string formula (discussed in section 2.3), one can 
calculate the tension. 
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The Norwegian Pulp and Paper Researph Institute have 
constructed a portable and hand-held tension meter (2,4,6). 
This device consists of a curved steel blade which is pressed 
into a moving web causing the web to indent 1 to 2 mm. 
Calibration curves convert tension based on the depth of the 
blade's indentation, which is measured by a non-contacting 
inductive transducer. Even though this device is a simple, 
light weight, low-cost, portable, and one-man operated 
tension meter, it is only good for troubleshooting and not 
practical for monitoring because of not providing continuous 
tension profiles. 
The principle used in the Altim Tensometer has been 
further developed and applied in a new meter, Tenscan, by ABB 
Stromberg Drives Oy (4,7,8). This system uses three optical 
sensors (sensitive semiconductors) instead of a pair of 
microphones. It also requires calibration measurements of 
wave velocity and tension for different basis weights, which 
are programmed into the system memory. The Tenscan is also a 
non-contacting tension meter and can measure the CD 
distribution of tension in a moving paper web. Both the 
Tensometer and the Tenscan have big measuring heads and must 
be either attached or mounted to traverse mechanisms. 
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Another tension meter blows compressed air into an 
inverted cavity over a web (2,7). Scandev Invent Beetle 
converts the back pressure under the cavity into web tension. 
However, the disadvantages of this device are that 
measurements near the web's edge are not possible and the 
back pressure is affected by temperature and humidity. 
A joint effort by Valmet Paper Machinery and Davy Mckee 
Limited has been made to adapt an existing technique of metal 
sheet industries to measure CD tension variation in a wide 
paper web (9). Originally, Davy Mckee developed the Vidimon 
Shapemeter to measure the flatness of metal based on the 
relationship between shape and the tension distribution in 
the production (10). However, the two companies redesigned 
the Shapemeter by adding an air-lubricated bearing (all web 
surfaces float on an air film) and modifying it with greater 
electronic amplification. This way they achieved sufficient 
pneumatic output signals for flatness measurements in a paper 
web. Converting a single roller to a multi-section roller 
they were able to generate a CD tension profile. 
2.2 Dispersion, and Phase and Group 
Velocities 
When a wave is composed of different frequency 
components which travels at different velocities (the change 
in wave shape), is called dispersion (11,12). In this 
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situation, higher frequency waves travel faster than lower 
frequency ones. Consider a simple combination of two waves 
with different angular frequencies and wave numbers. These 
two waves are superimposed on each other and can be expressed 
as ( 13,14) 
Using the sum and product of the trigonometric functions, one 
obtains the following equation 
~ = 2A cos (rot - kx)cos (Arot - Akx) 
where 
Then, the group velocity (Vg) (which is the velocity of 
transmission of slowly varying modulations of a harmonic 
wave) is given by 
iJro 
(Jk 
for Ak- 0 
and the phase velocity (Vph) (or so-called carrier's velocity) 
is given by 
= ro 
k 
These two velocities can be related by 
or 
Energy is transmitted at the group velocity in most 
physical systems. In a dispersive medium, phase velocity is 
no longer the same as group velocity. The phase velocity 
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often depends not only on the wave frequency but also on the 
density of the medium. If a finite signal is deformed as it 
travels along the medium, defining its velocity becomes even 
harder on account of the changing shape. An absorbing medium 
is the best example. Generally speaking, absorption and 
dispersion are always associated with each other and both of 
them are frequency dependent. 
2.3 Ribbon (String) Model 
Merhaut addressed the oscillations of a thin ribbon in 
his Theory of Electroacoustics (15). Consider such a ribbon 
of finite length, constant width, uniform thickness, and 
density. Also let this ribbon be stressed by a uniform 
tension at both ends and placed along the x axis 
symmetrically as shown in Figure 1. Assume further that the 
ribbon is perfectly flexible and the tension is the only 
restoring force, neglecting the gravity and air-loading 
effects. No longitudinal motion of alternate compression and 
tension is assumed (16). The displacement of the ribbon from 
its equilibrium position is ~(x,t). Then, by applying 
Newton's second law to a differential section of ribbon, the 
equation of motion can be derived for the transverse 
vibration as (15): 
i~ = _l_ d2fl 
ax2 V2 at2 
Its solution has the form 
~ = jd X - Vt) + /2 (X + Vt ) 
T)o 
Figure 1. Side View of Ribbon (String) 
Vibrating in z Direction 
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where V = YT/01 is the propagation velocity of flexural waves 
along the ribbon (String) in the x direction. Note V is a 
constant here. Rewriting V = VT/01 for tension as 
T = o1 v2 
The natural frequencies (fn) of the ribbon are 
which is essentially the same formula applied on STFI's 
tension indicator. 
2.4 Membrane Model with Air-Loading 
Wave propagation in a thin membrane under uniaxial 
tension (17,18) in one-dimension will have the same wave 
13 
equation as that of a ribbon. In the previous section, the 
air-loading effect is neglected which is valid only in a 
vacuum. However, in the atmosphere, the pressure of 
surrounding air on the membrane produces a reactive force 
(Fro) which acts as a mass load. The equation of motion can 
be modified with an additional air-loading term (Fro) as 
Then, by applying the general wave equation in air and also 
applying the continuity of traverse velocity of a membrane 
equal to that of the air particle on the membrane surface, 
the wave equation can be solved to give tension 
Detailed rederivation is shown in Appendix A. Wave 
propagation in this case is dispersive, i.e. if the wave is 
not a single frequency one, then its shape is not retained. 
For a rectangular membrane with even tension around its 
edge, the 2-dimensional equation of motion is (16,19) 
where 
and its general solution for its displacement is 
'1 = ~,~ j(x cos a + y sin a - Vmt) da 
Each component of the integral represents a wave traveling 
14 
with velocity Vm in a direction at an angle a to the x-axis. 
2.5 Beam Model 
The transverse motion of a uniform cross sectional beam 
is assumed to be perpendicular to a neutral plane. The 
bending moment is a function of distance from one end of the 
beam. By knowing the moment and shear force relationship at 
equilibrium and the net force accelerating the beam's mass, 






ax4 ax2at2 at2 
If the ratio of K/L of the rod (beam) is very small, the 
rotary inertia term is relatively small compared with the 
other two terms, and it is customarily omitted (21). 
Therefore, the approximate wave equation becomes much 
simpler, 
and its phase velocity is 
Vph = ( 4n~~K2 r/4 Vf 
For a rectangular rod, K2 = h2/12 if h is the thickness in the 
plane of vibration. 
If rotary inertia is taken into account, the phase 
and the group velocity is 
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With increasing frequency, the phase velocity approaches the 
group velocity and both converge on the longitudinal wave 
velocity, J"!. 
Since a beam is a dispersive medium (refer to section 
2.6), it is very interesting to see how a beam acts on a 
pulse input. Morse (16,19) gives the comparison of beam and 
string responses as shown in Figure 2. 
_A __ 
,, ______ ,~ 
..... _________ , 
Source: Morse, P. M., Theoretical 
Acoustics, McGraw-Hill, 1968 
Figure 2. Comparison of Beam's and 
String's Displacements 
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2.6 Plate Model 
The wave motion of a plate in two dimensions is much 
more complex than that of a beam in one dimension. One needs 
to consider also the sidewise motion, bringing in Poisson's 
ratio which is around 0.3 for most materials. The equation 
of motion can be derived from the Lagrangian method (19,20). 
cJ 4YJ = 1203 ( 1-v2 ) <02 YJ 
(Jx2()y2 Eh2 
and the equivalent wave velocity in a plate is 
The frequency dependence of phase velocity indicates that a 
beam and a plate are dispersing media. The group velocity is 
different from phase velocity and is 
Vg = 2 Vph 
where Vph is the phase velocity for the mean frequency in the 
group. 
2.7 Stiff-String or Tensioned-Beam Model 
There is no sharp border between a membrane (string) and 
a plate (beam). Generally speaking, tension is more 
important then stiffness as a restoring force for a membrane 
(string), and vice versa for a plate (beam). However, there 
is a range of intermediate cases from thick paper (stiff 
stings) to thin metal foil (tensioned beam). On one hand, 
Morse (16,19) describes the equation of the wave motion for a 
stiff string under tension is 
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On the other hand, Timoshenko (23) gives the equation of 
motion for a tensioned beam as 
Solving for tension in terms of phase velocity and angular 
frequency (refer to Appendix B) gives: 
o iV!ph - E Iro2 T = ~~~------
2.8 Point Force 
When a point force is applied to a string or a membrane, 
their reactions are very different (19). The string deflects 
as 
TJ = Fx ( L-x) /TL 
The displacement of the string is finite and proportional to 
the force. However, a (ideal) membrane with radius, a, can 
not sustain a point force. No matter how small the force is, 
the displacement will be infinite if a force is applied at 
the center (r = 0), according to 
where r is a distance from the center to the point where the 
force is applied. If a force is applied at edge (r =a), the 
displacement will be zero. In fact, these results do not 
happen in reality. The assumption of a force applied at a 
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point is too much simplification. Actually the force is over 
a small area of the membrane and over a small length of the 
string. Changing the size of the area where the force is 
applied does make the displacement different. A certain 
amount of stiffness within a membrane can also avoid 
producing an infinite displacement. 
2.9 Forerunners in Optics 
In optics, the velocity of light in vacuum divided by 
the index of refraction is phase velocity. Besides phase and 
group velocities, two more types of velocities need also be 
addressed. One is the signal velocity, defined by Brillouin 
(13) as "the velocity at which the main part of the wave 
motion propagates in the dispersive medium." He also stated 
"the signal velocity is practically the same as the group 
velocity when the wave motion proceeds without strong 
absorption." The other is the wave front velocity which 
progresses with the velocity of light in vacuum through a 
dispersive medium. 
The one-end terminated wave in Figure 3 can be described 
mathematically as 
= ( :in2~ 
t < 0 
f(t) 
t > 0 
or shown in a complex integration formula as 
f(t) 
Figure 3. One-End Terminated 
Sinusoidal Wave 
= _l_ Re 
2:rt 
e-irot dro 
(I) - 2:rt 
Taking dispersion into account and rewriting the above 
equation one obtains 
f( t, x) = _l_ Re J e-irot+ikx _,..dro=----






Hutchison (24) gives more detailed physics background 
information about the above equation. 
Then, if one evaluates the integral of j(t,x) by 
neglecting the damping ~ of the ionic oscillations (i.e. no 
19 
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absorption) and defining new variables: t = t-x/c and ~ = 
Nee2/m/2c and he obtains the solution for small values of t/~ 
.i.e. before the main signal arrives. Therefore, the 
forerunners can be described mathematically by 
The initial amplitude and period of forerunners is very 
small, compared with the incident ones. The initial period is 
approximately 
and is independent of the incident period. The amplitude and 
period of the forerunners keep increasing as shown in Figure 
4. Finally the forerunners join on to the main signal. 
Source: Brillouin, L., Wave Propagation 
and Group Velocity, Academic 
Press, 1960 (13) 
Figure 4. Schematic Diagram of Forerunners 
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2.10 Precursors in Piano String 
~he dispersion relation for transverse waves on a 
uniform piano string with circular cross section and flexural 
stiffness is given by (25) 
This equation is essentially the same as the stiffness string 
equation in section 2.7 if S/4n is replaced by K2. Solving 
Vph in terms of tension and frequency one obtains 
Precursors are observed and shown in Podlesak's paper, but he 
has not attempted to describe precursors mathematically nor 
to abstract the information from the precursors. 
CHAPTER III 
EXPERIMENTAL FACILITY 
The experimental phase of the study discussed in this 
report was conducted in the Web Handling Research Center at 
Oklahoma State University. A special stationary test stand 
was designed and constructed especially for this study. The 
main components of the setup and testing materials are 
described in this chapter. 
3.1 Overall Experimental Setup 
In this study, tension is determined from measurements 
of wave velocity and application of the fundamental wave 
equations. A "known" tension, based upon dead weights, was 
applied in the machine direction on the stationary test 
stand. Sensors were used to detect a web's motion providing 
voltage outputs which were then converted to two individual 
electronic wave forms on a HP digital oscilloscope. Both of 
the sensors were installed at a fixed distance either on the 
same side or opposite side with the pulser tube,-but in 
succession along the wave propagation direction. The overall 
schematic experimental setup, shown in Figure 5, consists of 
four main parts: a test stand, a pulser tube, sensors, and a 
digital oscilloscope. The test stand is made of three 3.5-
22 
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inch-diameter plastic rollers, each 12 inches in lenqth 
centered with 2-inch-diameter ball bearinqs. Each of the 
three rollers is individually mounted on a riqid steel frame. 
The orientation of roller number 3 can be sliqhtly adjusted 
so that a testinq material surface will be flat. The testinq 
web is placed on the rollers with one end fixed and the other 
end weiqhted. Web tensions are simulated by chanqinq the 




Figure s. Overall Experimental Setup 
to 2 pounds per linear inch (pli) for various type of 
materials tested. 
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A sound source with preset intervals was placed adjacent 
to the web. This puts spatially confined sound pulses into 
the testing web. Two sensors were mounted on a sensor holder 
connected with a precise one-dimensional traversing 
mechanism. This traversing mechanism can locate the sensors 
at desired cross-direction positions such that cross web 
tension profiles can be obtained. The traversing mechanism 
is also transportable and can be located at various machine 
positions. It is accurate to within 0.01 inch. 
The gaps between the two sensors and the testing web are 
very critical for OPTEK infrared reflective sensors. Due to 
the web's deflection by its own weight, increasing web 
tension can cause the web to be away from the sensors or vice 
versa. Therefore, the elevation of the sensor holder needs 
to be adjustable. If tension is a variable and signal output 
is from the OPTEK sensors, then the gaps need to be adjusted 
to acquire the best signals. The distance between the 
sensors is also adjustable by using different sensor holders. 
Most of the time, the two sensors are set apart around 4 
inches. The gap problem is not encountered with some other 
types of sensors. 
3.2 Sound Sources 
Two sound-source systems used in this study induce 
acoustic waves into the testing web: the point-source and the 
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loudspeaker systems. Full descriptions of these two systems 
will be addressed individually in the following sections. 
3.2.1 Speaker with Tone Burst System 
Figure 6 shows a schematic diagram for the loudspeaker 
system. Usually the function generator provides a continuous 
sinusoidal wave but can provide a square wave if needed. The 
initially continuous wave passes through the tone burst, the 
amplifier, and appear the output of the loudspeaker as a 
both-end terminated signal as shown in Figure 6. The 





Figure 6. Schematic Diagram of Speaker System 
If a continuous sinusoidal signal is used, the velocity 
of propagation cannot be determined. However, with a one-end 
(Figure 3) or both-end terminated signal the measurement of 
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wave propagation becomes possible. Therefore, a tone burst 
generator was used to allow certain wave motions to be passed 
through and others to be cut out (attenuate). Since the 
terminated signal makes it easier to determine when the 
signal starts, the time delay between the two signals 
detected by the sensors can be more easily defined. 
3.2.2 Point-Source System 
A pneumatic pulser designed by Dr. Lowery was 
constructed and tested in this study. Its schematic diagram 
is shown in Figure 7. As the solenoid valve opens with a 
sudden release of high pressure, a strong non-linear 
acoustical pressure wave forms in the pressure tube. In this 
case, higher frequency components move slower, and the wave 
front becomes steeper as the wave travels down along the 
pulser tube and forms a shock wave. When the shock wave 
emerges from the tube, it excites the web. The air pressure 
can be varied by the regulator from 0 to 60 psi. Most of the 
time the pressure is set at 30 psi. The accumulator, made 
with a 2-inch PVC schedule 40 pipe and 2 caps (stoppers), can 
supply enough air to pass through the solenoid valve each 
time it opens. The accumulator also maintains a constant 
pressure source and acts to damp out the pressure fluctuation 
in the pressure line. 
Figure 8 shows the electric circuit diagram of the 
pulser valve controller. A DC power supply charges the 
capacitor to approximately 40 volts. A TTL pulser generator 
Pulse Circuit 
w/Power Supply 
+ ~ Acc~~~tic 









Figure 7. Schematic Diagram of Point-Source System 
controls the capacitor to discharge to the valve coil. As 
the coil is supplied with enough energy, the armature jumps 
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off its seat sharply and leaves the valve open. In the mean 
time, the DC power supply also provides five volts to a 555 
timer chip which controls the frequency of valve opening and 
closing. Two potentiometers are used for adjusting the 
duration and interval between the opening of the valve. The 
duration of valve opening controls the width of the pulse 
which is about 200 microsecond. This circuit has proved to 
be very successful and inexpensive. 
The pulser tube can be arranged in three configurations. 
The tube can point to the web in the normal direction; it can 
be flat and point to sensors along in the machine direction; 
or it can be set in the cross direction. These are shown in 
Figure 9. When the pulser tube directly points to the web, a 
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Figure 9. Orientations of Pulser Tube 
(a) Normal Direction 
(b) Machine Direction 
(c) Cross Direction 
orientation will be more fully discussed in Chapter IV. 
Previous students of Dr. Lowery have examined several 
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types of tubing and solenoid valves (26). The best pulse was 
produced by "Eemco" or "MAC" solenoid valves with hard wall 
tubing such as aluminum, copper, and polypropylene tubing. 
The length and diameter of the tubing were also tested for 
optimum size. The conclusion from their report is that a 7-
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foot-long white polypropylene tubing with 1/4- or 3/16-inch-
inside diameter is recommended and was used for the pressure 
line of this pneumatic pulser. Appendix C gives the 
additional testing data for Eemco solenoid valves of 
different orifices, coils, and springs, which were considered 
for use in this research. 
3.3 Sensors 
Several types of sensors were used in this study to 
detect the traveling wave which an acoustic sound burst 
introduces into the web. The following subsections describe 
them in more detail. 
3.3.1 Microphones 
Microphones are basically pressure measuring devices. 
Electrical output signals are due to mechanical movements of 
the thin diaphragm caused by the pressure fluctuations acting 
against it. As a wave travels in the web, its surrounding 
air pressure is also disturbed proportionally to the rate of 
change of the web deflection. Although this pressure 
fluctuation is very tiny, it still can be sensed easily by 
ordinary inexpensive microphones whose sensitivity is more 
than adequate. Microphones not only sense the pressure 
fluctuation caused by the web movement but also sense the 
sound pressure from the sound burst. Therefore, it is 
necessary to have a method to distinguish which wave form is 
caused by the web movement before analyzing the signal. 
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Two types of microphones have been used in this study. 
One type is the condenser (or capacitor) microphone. The 
diaphragm of this microphone acts as the moving plate of a 
capacitance-displacement transducer and results in an output 
voltage corresponding to the deflection of the plate. One of 
the best this type is the Bruel and Kjaer (B&K) model 4135 
1/4" microphone with an integral amplifier. Its pressure-
field microscope has very high sensitivity and excellent high 
frequency response. It worked very well in this study. The 
other type is an Electret microphone which is a special form 
of the condenser type with integral FET amplifiers. This 
type of microphone has self-polarizing voltage. Two makes of 
this type, the Radio Shack and Panasonic P9930 microphones, 
have been tested. Both of them work well in this study. 
Appendix D shows the shaker test for a Electret microphone 
and a OPTEK sensor. 
3.3.2 OPTEK Sensors 
OPTEK model OPB 125, 700, 701 sensors have been 
examined. They are low-priced, common reflective sensors and 
work equally well on most of the materials tested in this 
study. The OPTEK sensor consists of an infrared emitting 
diode and an NPN silicon phototransistor mounted side-by-side 
on,a converging optical axis. The phototransistor responds 
to reflective radiation from an object within the sensor's 
view field. Its output signal corresponds to the object 
distance. 
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Sample static calibration curves for OPTEK model OPB 125 
are attached in Appendix E, which shows output signals as a 
function of distance from the reflective surface. This 
calibration is accomplished by using 3-rnil paper as a 
reflecting surface. The greatest sensitivity, shown by curve 
with positive slope (Appendix E), is seen to occur at 
distances of less than 0.1 inch. For most of the tests in 
this study, the sensor was operated in the near-field, at 
distances less than 0.1 inch. 
Although the response of the optical sensors is 
nonlinear and is affected by many factors, such as rotation 
of the surface and changes in reflectivity, the peaks of the 
wave will still be sensed at the correct time. The non-
linearity of the sensors will not affect the correct wave 
traveling speed calculation. The rise and fall times of the 
OPTEK's response depends on the load resistance used in the 
circuit. Because the maximum forward voltage is 1.7 V with a 
current of 50 rnA for the input diode, a 1000 Q load resistor 
is used in the circuit. Based on the data sheet, the 
frequency response of this circuit is probably around 6 KHz. 
3.3.3 Laser Vibrometer 
A laser vibrometer permits vibration measurements 
without any influence on the vibrating surface. It can 
measure the velocity of a vibrating surface based on the 
interferometric principle. This instrument functions by 
emitting a laser beam onto a moving object and detecting the 
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Doppler frequency shift of the back-scattered beam caused by 
the movement. Appendix F gives the schematic and block 
diagrams of the Polytec OFV 2600/0FV 3500 laser vibrometer. 
A low power (CW 2mW) He-Ne laser beam is divided into 
two equal-intensity, parallel beams by the beam splitter. 
One beam passes through the Bragg cell. The other beam 
directly focuses on the vibrating object, reflects back, and 
mixes with a reference beam. The reflected beam is collected 
by the photodetector, which contains velocity information in 
terms of a Doppler shift. It then goes through a mixing 
process in a mixer, demodulation in the velocity decoder 
unit, and filtering process in low-pass output filter unit. 
It finally appears an voltage output signal. The output 
voltage is proportional to the instantaneous object velocity. 
The operating frequency range for this laser vibrometer is 
from 0.001 to 100 KHz. The sensitivity is based on the 
selection of three velocity decoder range settings. 
3.4 Testing Materials 
Various types of webs have been tested to verify the 
point-source process. The webs tested include Kodak film 
paper, single-layer tissue paper, 3-mil white paper, 3M 
recording medium, Mylar tape, polypropylene, adhesive tape, 
and Mead 80 LB. Signature Dull. Although all the materials 
listed in Table I were tested in this study, most of the 
experiments were performed on either 3M recording medium or 




PROPERTIES OF WEBS 
Type of Web Width Thickness Density Young's 
(in) (m) (Kg/m2) Modulus 
(N/m2) 
Kodak Paper 2 3/4 0.2523926 
Single Layer 6 1/10 0.016679 nil 
Tissue paper 
3-mil Paper 6 0.055266 
3M Recording 5 3/8 7.94e-5 0.115398 3.45e9 
Medium 
Mylar tape 5/8 0.160458 
Polypropylene 4 1/4 0.021789 
Adhesive Tape 5 0.06168 
Mead 80 LB.* 6 9.84e-5 0.1213 7.32e9 
Signature 
Dull 
*The data are provided by Mead Company. 
3.4 Stiffness Measurement Experimental 
Setup 
If a stiff web is short enough, it acts like a beam. As 
long as the web is slender enough (having a 10 to 1 ratio of 
length to width) the rotary inertia term can be omitted from 
the beam equation. Figure 10 shows the setup for measuring 
the stiffness. One OPTEK sensor is placed near the clamped 
end. By tipping the free end, the sensor and the 
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oscilloscope can detect and record, respectively, web motion. 
Then, measurements of amplitudes and the time between two 
successive peaks, will determine the damping period. By 
applying the equation of motion for a cantilever beam, 




Figure 10. Setup for Measuring Stiffness 
CHAPTER IV 
RESULTS & DISCUSSIONS 
The experimental and theoretical results are addressed 
in this chapter. The analytical solution of the tensioned-
plate model with air-loading is obtained and presented in 
section 4.1. With the speaker system, all the models have 
been examined. Their resulting predicted tensions and 
velocities are discussed in section 4.2. The effect of air 
loading is included in section 4.3. Since the stiffness is 
required in some of the models, section 4.4 has the Young's 
modulus from the experimental results. Then, section 4.5 
addresses how the pulser tube orientation, air source 
pressure, distance, tension, and materials effect the point-
source process. In section 4.6, forerunners are exemplified 
by a single pulse wave traveling a certain distance. Section 
4.7 shows the experimental results by pneumatic and 
mechanical excitations. Finally, an attempt to compare the 
experimental and numerical results is given in section 4.8. 
4.1 Tensioned-Plate Model with 
Air-Loading 
A pure membrane is just an ideal case. In reality, a 
web is always in between a membrane and a plate. Based on 
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the literature, the general equation describing the motion of 
a thin web would be the membrane model with air loading 
because most of the time the error percentage from stiffness 
is not significant. Only when thicker material is dealt 
with, does the model have to include the stiffness term as a 
restoring force. Of course, tension still plays an important 
role in the membrane model. By incorporating the air loading 
term with the stiff string or tensioned-beam model, the 
equation of motion is then modified as 
Solving for tension in terms of phase velocity gives (refer 
to Appendix G) 
or vice versa, 
1/2 
The above equation shows that the phase velocity depends not 
only on frequency but also on tension, density, thickness, 
width, and stiffness of a web. Since a single pulse can be 
resolved into a series of frequency components, it will 
experience dispersion. In other words, the shape of the 
pulse keeps changing along its traveling path. Absorption is 
not considered in any of the models. In the ideal case, 
tension is obtainable by calculation, as long as phase 
velocity can be determined and the web's properties are 
available. Then, no calibration curves are needed. 
4.2 Speaker with Tone Burst System 
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It is much easier to validate the tensioned-plate model 
with air-loading by using a single-frequency wave. The 
speaker with a tone burst system can provide a terminated 
wave which helps to determine a phase velocity in a web. 
Tests were run on the Mead web cut to 6 inches width to fit 
the setup. The operating tension ranges from 85 to 202 N/m 
(0.5 to 1.2 pli) and frequency ranges from 0.3 to 1 KHz. Due 
to ~igher frequency waves exciting the web too strongly, the 
speaker does not only generate a traveling wave into the web 
but also vibrates the whole web span. Therefore, the OPTEK 
sensor has trouble with not getting good signals because of 
its sensitivity to the gap between the web and the OPTEK 
sensor itself. It picks up both motions of the traveling 
wave and vibrating web. After the experiment was performed, 
the laser vibrometer became available. The motion of the 
vibrating web span did not have much effect on the detected 
signal of the laser vibrometer. Frequency can be run up to 3 
KHz. 
Appendix H lists the experimental and predicted tensions 
and Figure 11 shows the results. The predicted tensions are 
based on string, membrane with air-loading, tensioned beam, 
and tensioned plate with air-loading wave equations. Each of 
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Figure 11. "Continued" 
varying frequencies at fixed tension indicated by the symbol 
of weight. All the models but one show the increasing 
predicted tension with increasing frequency. The tensioned-
plate model is the only one which predicts the correct 
tendency. However, the tensioned-beam model predicts tension 
values which are closer to the dead weight values. The air-
loading term makes the predicted tension too high for both 
membrane and tensioned-plate models. For the tensioned-plate 
model, the highest error percentage of the predicted tension 
is 28% in the 85 N/m (0.49 pli) case. A value of 85 N/m is 
considered fairly low tension. The rest of the error 
percentages are 19, 18, 19, and 16%. 
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A close examination of the two models for obtaining the 
air-loading term shows that web thickness is not so small 
that air load can be assumed to be twice the air pressure 
wave at ~=0. Based on Merilainen's results (18), the 
predicted velocities are lower than measured ones at 
frequencies less than 2 KHz. Therefore, instead of tensions, 
the velocities were predicted as shown in Figure 12 (see 
Figure 40 in Appendix I for a broader frequency range), using 
the same set of data. As expected, the predicted velocities 
are lower than the measured ones, and the tendencies of the 
predicted and measured velocities are in accord. The error 
percentages of the predicted velocities are around 10% for 
the tensioned-plate model. If the velocity were targeted for 
the prediction, the model could provide very satisfactory 
results, especially at higher frequencies (18). However, the 
tension is the target. The overall error percentage should 
be about 20% depending on the operating tension. 
4.3 Effect of Air-Loading 
Tests have been run to examine the effect of air 
loading. A Plexiglas plate was set up above the testing web. 
By attaching the Plexiglas plate to a vertical traverse 
mechanism, the distance between the plate and the testing web 
can be varied consistently (inducing varying amounts of 
additional air load). This time, 3M recording medium was 
used under the tension of 193 N/m (1.1 pli). To avoid the 
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velocity, the speaker system setup was selected and operated 
at 2000 Hz. 'The two OPTEK sensors used are 0.1035 m (4.075 
in) apart to track the time of flight. The result is shown 
in Figure 13 and the corresponding experimental data are 
listed in Appendix J. The distance between the web and the 
Plexiglas plate varies from 8.9*10-4 m (0.035 in) to where the 
traveling velocity in the web approaches a constant. As the 
distance increases, the velocity also increases. The 
velocity starts from 42.42 m/sec and approaches to 45.4 m/sec 
at the distance of 0.0127 m apart. Further increment of the 
distance does not change the wave velocity because the added 
air-loading mass stays constant. Based on the data, the 
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Figure 13. Air Loading Effect 
difference of wave velocities (above) due to the additional 
air-loading effect is about 7% in this case. 
4.4 Stiffness 
For a thick web, stiffness is a required datum. Since 
the Young's modulus of the 3M recording medium was not 
available, a test was run to obtain it. Due to not knowing 
the accuracy of the Young's modulus measurement that the 
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stiffness experimental setup provides, tests on the Mead web 
were performed first because of its known properties. The 
selected test specimens were 1 em wide and 10 em long. The 
successive amplitudes and the damping frequency of the 
\ 
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vibration are measured. Appendix K gives a sample 
calculation. The test results for the five specimens of the 
Mead web are 7.14e9, 7.21e9, 6.78e9, 7.78e9, and 8.91e9 for 
five runs. They are very consistent and their average is 
7.56e9 N/m2. Compared to 7.32e9 N/m2, the measurement 
provided by the Mead Company, the agreement is quite 
satisfactory. Then, using the same setup and procedures for 
the 3M recording medium, the Young's modulus is found to be 
3.45e9 N/m2. Additional tests on the recording medium are 
required to verify the precision of the Young's modulus of 
the 3M recording medium. 
4.5 Point-Source Process 
Since the pulse wave induced into the web is not a 
single frequency wave, the measured traveling wave velocity 
in the web is signal velocity. As mentioned in Chapter II, 
signal velocity is group velocity if absorption is not 
strong. Therefore, the velocity measured based on 
oscilloscope traces or the cross-correlation method is not 
phase velocity. Only a sinusoidal wave can travel without 
changing its shape, even in dispersive media, and the 
measured traveling velocity is indeed phase velocity. To be 
able to use any models, phase velocity is required. Chapter 
II states that the group velocity is twice its phase velocity 
for the mean frequency in the group for both the beam and 
plate models. This raises another question: what is the mean 
frequency? Is the mean frequency the same as characteristic 
frequency? Further study about a single-frequency system 
might help gain more knowledge to explain it. The point-
source system is such a complex process that many factors 
need to be examined and will be addressed one by one in the 
following subsections. 
4.5.1 Pulser Tube Orientation 
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Bradley (28) states in her master's thesis that "The 
signals became shorter in duration and had a higher peak 
voltage with increasing tension." Based on Bradley's 
finding, further investigation of this phenomenon was 
continued. A 3-mil-thick paper was tested with a 30 psi air 
source. The Electret microphone was used to detect wave 
signals and set 4 inches apart from the pulser tube. 
Two orientations of the pulser tube were employed. 
First, the air from the pulser tube was directly·impinged 
into the paper (the normal direction). The range of tension 
was from 173 to 465 N/m (0.99 to 2.65 pli). Recorded wave 
forms are shown in Figure 14, and indeed, the results are 
just as Bradley states in her thesis. In addition, the 
amplitude changes very little at high tensions. Second, the 
same set-up and parameters were used except for changing the 
orientation of the pulser tube to the cross direction. Based 
on the same set of tensions, Figure 15 shows the different 
wave forms. The amplitudes and the durations (shapes) of the 
second set of wave forms do not change as tension increases. 
These two sets of records turn out totally different. 
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The only thing that makes is different in the experimental 
setup is the orientations of the pulser tube. Therefore, the 
phenomenon described in Bradley's thesis is not simply due to 
the tension of the web. This phenomenon must be, therefore, 
due to the interaction between air dynamics and a tensioned 
web. It might be possible to develop a method to measure 
tension with normal pulser tube direction based on the 
changing height of wave forms. However, there are many other 
factors besides tension to be considered, such as, air 
pressure, tubing length and diameter, distance between the 
web and the pulser tube, and material of the web. The width 
of web might even have some effect. 
Additional tests were run with various incident angles 
between the pulser tube and the web. The 3M recording medium 
was used at a tension of 193 N/m (1.1 pli). The pulser tube 
was 8 inches apart from the sensors -- a B&K microphone and 
an OPTEK 701. The incident angle was varied from 0° (the 
pulser tube was parallel to the web, i.e. the machine 
direction) to 900 (the pulser tube pointed downward to the 
web, i.e. the normal direction) in 5° or 10° increments. The 
distance between the edge of the tube and the web was 1/8 
inch. 
As indicated by the oscilloscope traces shown in Figure 
16, the main signal shifts downstream as the angle increases. 
The front part of the waves, forerunners, keep increasing in 
amplitudes and then merge into the main signal. These 
forerunners arrive at the sensors well before the main 
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Figure 16. Wave's Responses to Various Angle 
between Pulser Tube and Web (a) 0° 
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Figure 16. "Continued" 
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signals and their shapes are predictable. The effect has 
been seen in several types of webs, and has been detected 
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both by the acoustical and optical detectors. The width 
(duration) of the main signal increases with the angle of the 
pulser tube, which agrees with the result in the previous 
paragraph. As the wider pulse is induced into the web, it 
travels slower because it contains more lower frequency 
components. Therefore, this explains why the main peaks 
shift downstream. 
4.5.2 Pressure Yariation of Air Source 
As the pressure of the air source changes, the 
intensities of generated sound waves in both the air and the 
web also change accordingly. A higher pressure source gives 
higher amplitudes of sound waves in both of them (Figure 17). 
The pressure of the air source was ranged from 25 to 40 psi 
t 
• I 
r-·--·-=-----··-- -·-. ---.;---f---:---.:.._,.. :--t------! 
i 
i + ....__ __ _,_ __ 
i + t : + 
}-------r-------·-1---7""---tT---t---J+f-+-1'-J~A.-~'T~-..: 
I i f i 
L .. , •r- --··- •-+--!....-~....--·~-----· · ·~:- i : I : . ; I I i :-.;.,: p..: ~-~ -HI...:...f-
l i ! 
I I 
.,. ... 
·· - ---- ·- ··• · -· -----·- -- ----;---'1'-+-f·VV 
I 
. B&K Microphonel t .,. 
--···- ---------·- -···- ----- --·--- ·-'----------·---·-----' 
-40.0000 us 960.000 us 1. 96000 liS 
200 us/diY 
Figure 17. Wave's Responses to Various Air 
Pressure Source from'25 to 40 psi 
in 5 psi increments, with an additional increment at 27.5 
psi. A quarter-inch B&K microphone was used to detect the 
sound waves. It was 3 5/8 inches apart from the end of the 
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pulser tube in the machine direction. The tension was set to 
be constant at 193 N/m,for the 3M recording medium. The 
amplitudes of sound waves, which were generated from the 
different pressures, did not vary linearly with pressure. 
The widths or characteristic frequencies of those waves are 
very close to each other. However, the higher amplitude wave 
in the web travels faster than the lower amplitude one. 
4.5.3 various Distances between Pulser. 
Tube and Sensor 
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It is very interesting to see how the shape of a wave 
changes as the wave travels along a web. Tests were run on 
the 3-mil paper at tension 202 N/m (1.15 pli). The distance 
between the pulser tube and the B&K microphone ranges from 2 
to 20 inches with 2-inch increments. With the pulser tube in 
the machine direction, Figure 18 s~ows part of the 
experimental results. Initially, the wave in the web has a 
very sharp peak. As the wave travels farther, the peak 
begins rounding up and the forerunner part of the wave seems 
to be getting longer, especially for those detected at 12 
inches. In all these traces, the wave amplitude does not 
attenuate much. Therefore, absorption is not as important as 
expected. 
4.5.4 various Distances between Pulser 
Tube and Web 
Figure 19 shows the corresponding waves produced by 
varying the distance (gap) between the pulser tube and a web. 
In this experiment, the adhesive tape web was used at 242 N/m 
(1.4 pli) tension. The distance is varied from 0 to 0.5 
inches in 0.125 inch increments. The amplitude of the 
induced wave is increased when the pulser tube approaches the 
web. 
The Electret microphone was mainly used. Only in the 
-..,..---,.-----,---r---.. 
3 mil Paper 
-.- -
Figure 18. Wave's Responses to Various Distance 
between Pulser Tube and Sensor 
(a) 4 inches (b) 8 inches 
(c) 10 inches (d) 12 inches 
(e) 14 inches 
55 
Figure 19. Wave's Responses to Various Distance 
between Pulser Tube and Web from 0 
to 1/2 inch with 1/8-inch Increments 
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0.5-inch case, is the signal of the B&K microphone also shown 
in this figure. Both microphones show no difference when 
providing the main signal but they have opposite polarity. 
The difference between these two oscilloscope traces is that 
the one detected by the B&K microphone has much better high 
frequency response and can provide better signal output. 
4.5.5 Tension Variation 
Wave velocity depends on the tension in the web, and 
waves travels faster in a web with higher tension. Our 
experimental results show no exceptions in Figure 20. The 
applied tension ranges from 225 to 421 N/m (1.3 to 2.4 pli). 
Our principal concern here are the forerunners. It seems 
-··---·,-·--r---~~ 
........... -· ..... -.. . r ........ -· 1-----------J ---.. ·----. .. ........................... -·-· 
B&K Microphone 
--· .... • .. J ..... --·---.1 ......... - -~------· ------· ---.. 
1.00000 IS 2.00000 IS 3.00000 IS 
200 us/dtv 
Figure 20. Wave's Response to Various Tensions 
from 225 to 421 N/m2 with 65.2 N/m2 
Increments 
that the forerunners start at the same place even with 
different tensions. However, the forerunners in webs of 
higher tension build up faster than those in webs of lower 
tension. This seems logical because the forerunners 
eventually join onto the main signal which has a velocity 
that depends on tension. 
4.5.6 Material Testing 
Tests were run to verify what type of webs the point-
source system would work with. Products submitted by 
sponsors and tested included polypropylene, Kodak 
photographic paper, single layer tissue paper, 3M recording 
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medium, Mylar tape, and adhesive tape. The preliminary tests 
pointed toward being able to use the pulse method for almost 
any type of web material. 
The response for the polypropylene to the point-source 
process in Figure 21 shows very sharp waves. The Electret 
microphone gives very clear output signals but the OPTEK 
sensor does not. As tension increases, the corresponding 
wave also travels faster and gets narrower. 
Figure 21. Pulse Waves in Polypropylene with 
Tensions from 79 to 244 Nfm2 with 41 
Nfm2 Increments 
The Kodak photographic paper did not respond well when 
the orientation of the pulser tube was in the cross 
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direction. Therefore, switching to the machine direction was 
necessary. Figure 22 shows one example of testing results 
for the Kodak photographic paper. Higher tension could be 
applied to the Kodak paper because it is much thicker and 
heavier than the other webs. Forerunners are recognizable. 
Both acoustic and optical sensors can be used to detect the 
signals. 
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Figure 22. Pulse Wave in Kodak Paper 
Rough tests for tissue paper were also run as shown in 
Figure 23. Since the pulser tube was placed in the machine 
direction, air did not blow into the tissue paper directly. 
Even with a 30 psi air pressure source, the system generated 
Figure 23. Pulse Waves in Single-Layer Tissue 
Paper at Different Tensions 
signals into the tissue paper without breaking or damaging 
it. The waves show no trace of forerunners. 
Figure 24 shows very clear forerunners in the 3M 
recording medium. OPTEK sensors and B&K microphones can 
react quickly enough to detect the forerunners but Electret 
microphone can not. Even so, the Electret microphone is 
still good enough to pick up the trend of the main signals. 
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Forerunners.are more evident in the machine direction than in 
the cross direction. 
The adhesive tape has a glue coating layer. It is 
thicker than the polypropylene. The oscilloscope trace 
showed that the shape of the wave was changing all the time. 
However, the positive or the negative peak remained at the 
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Figure 24. Pulse Wave in 3M Recording Medium 
same location for each pulse. Figure 25 shows a typical 
output signal from the adhesive tape. 
The cross and machine directions were tested for the 
Mylar tape. However, the signal produced from the machine 
direction is better than that from the cross direction. 
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After the signal arrived, a big hump also arrived as shown in 
Figure 26. This was only seen in the machine direction. The 
reason might be that the Mylar tape is too narrow (only 5/8 
inch) and the air flow has some effect upon it. One other 
thing worth mentioning is that the amplitude of the big hump 
is higher than that of the signal. 
Figure 25. Pulse Wave in Adhesive Tape 
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Figure 26. Pulse Waves in Mylar Tape with Tensions 




4.6 Dispersion of Single Pulse Wave 
To understand more about why waves propagate the way 
they do, it is necessary to find out more about the 
dispersion effect on a single pulse. Even though the waves 
formed in the web and excited by air pulse are not really 
rectangular shapes, for simplicity in analysis they are 
assumed so. The duration of a single pulse is selected to be 
0.25 msec, as shown in Fig~re 27 (a). By Fourier 
transformation, a single pulse wave is composed by infinite 
odd number of frequency components. These frequency 
components are 1oo, 3oo, 5w, 7w, etc., and their corresponding 
relative amplitudes are 1, 1/3, 1/5, 1/7, etc., as shown in 
Figure 27 (b) to (e). As mentioned in chapter II, different 
frequencies travel at different velocities. Therefore, it is 
required to find out the corresponding velocity for each 
frequency component, which is calculated and shown in 
Appendix I. The calculation is based on the tensioned-plate 
model for the 3M recording medium at 525 N/m (3 pli) tension. 
With a 0.25-msec duration single-pulse wave, the fundamental 
frequency is 2 KHz. The corresponding velocity is 64.5 
m/sec, and the other odd multiple harmonic frequency 
components (up to 4th harmonic, i.e. 14 KHz) are listed in 
Figure 27. Assume that the traveling distance of the pulse 
wave is 0.3 meters. Adding up the amplitudes for the 
frequency components (terminated waves) according to their 
corresponding speed of sound generates the final wave form 
shown in Figure 28. This final wave form provides an 
(a) 
0 0.00025 sec 
(b) 




0 0.00025 sec 
(e) 
0 0.00025 sec 
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Frequency Phase Velocity, Vph 
Tensioned Plate Model 
with Air-loading 
Multi 
2000 Hz 64.5 m/sec 
6000 Hz 69.0 m/sec 
10000 Hz 70.8 m/sec 
14000 Hz 70.8 m/sec 
Figure 27. Pseudo Frequency Components of Single Pulse 
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Distance, m 
Figure 28. Dispersion Effect of Single Pulse Wave 
explanation for the forerunners and also clearly indicates 
that the 3M recording medium is very dispersive. 
Experimental results also show the presence of forerunners. 
This is because the higher frequency component travels faster 
than the lower frequency one. But as we examine the 
experimental wave forms, the amplitude and the shape of the 
main signal are reduced and widened as the wave travels 
farther. This can not be simply explained by using the 
pseudo terminated waves model. In order to have a more 
complete explanation for forerunners, we need to use in the 
analysis all of the real frequency components associated with 
continuous waves. 
4.7 Comparison of Pneumatic and 
Mechanical Excitations 
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By modifying the point-source system by adding a barrel 
in front of the pulser tube, a BB bullet can be shot to a web 
at much lower pressure without breaking but exciting the web 
mechanically. Figure 29 shows the laser vibrometer output 
signals with pneumatic and mechanical excitation methods. In 
this figure (a) and (b) are the signals recorded directly 
above the point of excitation of the 3M recording medium. 
The tension is set at 193 N/m (1.1 pli) in both cases. The 
wave excited by pulser tube is seen to have the shorter 
duration (about 0.4 msec). The shape of the wave is more 
like a one-complete cycle triangular wave. On the other 
hand, the wave excited by the BB bullet lasts 3.6 msec. The 
positive amplitude is much higher than the negative one. 
However, the wave generated by a BB bullet has a much sharper 
front edge. 
Figure 30 shows the signals 4 inches downstream from the 
excitation point. Both waves indicate that higher frequency 
components arrive much sooner than the low frequency ones. 
The amplitudes keep increasing until merging into the main 
signals. Even these two input waves are not quite the same, 
but in both cases forerunners have been obtained. 
Forerunners do exit no matter by which method a web is 
excited. To show that the air blast from the mechanical 
excitation is not required for producing forerunners, one can 
simply throw a BB ball by hand. The same kind of results are 
(a) 
(b) 
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Figure 30. Laser Vibrometer Output Signals 
recorded 4 inches downstream from 
the excitation point with 
(a) Pneumatic (Point-Source System) 
(b) Mechanical Excitation Method 
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obtained as those produced by the mechanical excitation 
method. However, hand throwing of a BB ball is difficult to 
control. 
The waves propagate two-dimensionally but mainly in the 
machine direction where the tension is applied. In both 
cases of mechanical and point-source excitation, the waves 
traveling in cross direction are much weaker than the ones 
having traveling the same distance in the machine direction. 
When the waves are much farther away in the machine direction 
(e.g. 11 inches from the excitation point), the amplitudes 
are not much different from those arriving in different 
cross-direction locations. 
As shown in Figure 31, when the pulser-tube orientation 
is located in the machine or the cross direction, air blast 
from the pneumatic pulser does not make much difference in 
the velocity signals detected just above the excitation 
point. However, when the waves travel downstream in machine 
direction (Figure 32), the one excited in machine direction 
shows a much stronger and clearer forerunner signal. 
4.8 Comparison of Experimental Results 
with Mathematical Function for 
Forerunners 
As can be seen from oscilloscope traces detected by 
OPTEK (displacement sensor) and laser vibrometer (velocity 
sensor), forerunners or precursors gradually increase in 
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Laser Vibrometer Output Signals 
recorded directly above the 
excitation point where pulser tube in 
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Figure 2Q, forerunners (precursors) seems to start at the 
same location no matter what tension is applied. This could 
' be caused by the lack of high sensitivity or frequency-
response in the equipment or forerunners, as it appears, 
might in deed start at the same location. Brillouin (13) 
states that the very beginning of the forerunners 
(precursors) is the front velocity. In optics, the front 
velocity should proceed as light velocity. Therefore, the 
front velocity of these precursors might proceed as the 
velocity of sound. In other words, the forerunners 
(precursors) might have the same beginning. This might be 
demonstrated if there were a equipment that could observe the 
infinitesimally small wave in intensity and wavelength. 
Since it has been shown by Brillouin that classical 
forerunners can be described mathematically by a Bessel 
function of the first order, an attempt was made to reproduce 
the forerunners plot from the Bessel function. By using 
numerical recipes and assuming an incident period 0.5 msec, 
the shape of the displacement function shown in Figure 33 was 
obtained. Obviously, the calculated plot does not agree with 
that of experimental trace from the OPTEK sensor. The Bessel 
function of the first order increase its amplitude too fast. 
Since the agreement of the displacement function is not quite 
satisfactory, a second check was made to see if the first 
derivative of the Bessel function match the shape of the 
oscilloscope trace from the laser vibrometer. Therefore, the 
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Figure 33. Displacement Function (Bessel Function 
of First Order) 
respect to time to obtain the velocity which is the Bessel 
function of zero order. The velocity function so obtained 
was plotted out as shown in Figure 34. Its amplitude and 
frequency can be seen to decrease at the same tme. Such a 
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decreasing amplitude is opposite to the output trace from the 
laser vibrometer. Therefore, the results are not 
encouraging. 
In order to see the relationship between tension and 
forerunners (precursors), the increasing amplitudes and 
periods were measured point by point. Figure 35 shows the 
average number of periods of forerunners from each individual 
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Figure 34. Velocity Function (Bessel Function of 
Zero Order) 
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SUMMARY AND FINDINGS 
This investigation was initiated to develop a method for 
measuring the tension in an acoustically vibrated web. It 
was found from early experiments that the main wave form was 
preceded by a "forerunner" wave train which gradually 
increased in amplitude and decreased in frequency as it 
passes any given point. The first part of the research was 
to see if the point-source process could be used with a 
variety of web materials. The research also studied the 
factors affecting the operation of the point-source process, 
such as orientation of the pulser tube, pressure of air 
source', the spacing of the web and the pulser tube, and the 
tension of the web. Literature and modified models of wave 
propagation in membrane and plate were examined and compared 
with experimental data. The second part of the research was 
a study of the forerunner phenomenon mathematically with the 
ultimate aim of establishing a relation for use in measuring 
tension. 
Two methods were used to generate waves in the webs. 
These were the speaker system and the point-source system. 
The speaker system allows one to generate single-frequency 
terminated waves since then there will be no problem in 
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defining phase velocity. Therefore, all the models can be 
checked with this system. Four models were examined, which 
included string, tensioned-beam model, membrane model with 
air-loading, and tensioned-plate model with air-loading. It 
was concluded that the tensioned-beam model predicted tension 
close to the actual tension (measured by dead weight). For a 
fixed value of tension, all the models but the tensioned-
plate model with air-loading predicted increasing tensions as 
frequency increases. The reason that the tensioned-plate 
model with air-loading is different from the other is that it 
includes a consideration of tension, plate stiffness, and air 
mass. When the air mass is included, the tensioned-plate 
model and membrane model both predict tensions much higher 
than the actual tension. Especially, for the membrane model, 
the inclusion of air mass introduces the greatest error. In 
the tensioned-plate model, the plate stiffness term tends to 
compensate for the tension and air mass terms in predicting 
tension with increasing frequency. Inclusion of these three 
terms improves the tensioned-plate model with air-loading to 
predict tension consistently and independent of the input 
operating frequencies. A constant correction factor might be 
added to improve the agreement. 
When placing a plexiglass plate directly above a web, it 
was found that the traveling velocity of the wave in the web 
decreased as the distance between the plate and the web 
increased. This shows that air mass can play a significant 
role. 
The point-source process for wave generation induces a 
complex short-duration pulse wave into a web. This high-
frequency pulse wave is composed of an infinite number of 
frequencies. Therefore, when defining the time of flight of 
the traveling wave, one should be aware that it is the group 
velocity that is obtained but the phase velocity should be 
used in the analysis of any models. However, to find phase 
velocity from the group velocity, the mean frequency of the 
pulse wave must be known and might be critical. 
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As discussed in the chapter IV, many factors influence 
the point-source process. The orientation of the pulser tube 
can change the amplitude and duration of the input pulse 
wave. The cross and machine directions, however, avoid the 
influence of air dynamic effect so that tension then became 
the principal variable. The normal direction is therefore 
not recommended for use because of its complexity. 
Furthermore, in testing soft web materials like tissue paper, 
the cross and machine directions are certainly recommended. 
With these directions there is no problem like that 
occasionally found for the normal direction in deforming or 
breaking the web by impinging the air directly into the web. 
Thus, there is no need to reduce the pressure of air source. 
As mentioned earlier, there are other factors that can affect 
the point-source process, such as the pressure of air source 
and the distance between the pulser tube and the web. All 
the materials have been tested with the point-source process 
successfully. 
Since in the point-source process forerunners were 
observed in stiffer webs, an attempt was made to represent 
the wave form of forerunners by the first-order Bessel 
function. The results are not encouraging. The shape of 
displacement waves plotted by this mathematical function do 
not agree very well with experimental oscilloscope traces. 
Besides, the velocity trace obtained from the laser 
vibrometer is totally different from the plot obtained by 
differentiating the displacement with time. But the 
experimental results leave no doubt but that forerunners 
exist regardless of which excitation method (mechanical or 
point-source process) the web is excited by as long as the 
input wave is not purely single frequency and travels in a 
dispersive web. The wave propagates in two dimensions but 
mainly in the machine direction where tension is applied. 
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The wave front of the forerunners (precursors) starts 
much earlier than the main signal. From the experimental 
results, it appears that the front velocity of the precursors 
is independent of the web's tension. The measurable front 
velocity is 70% faster than the main signal velocity. 
Actually, the wave front is of very small amplitude and 
composed of high frequency wave. The highest frequency 
detected is 17 KHz. The small amplitude of the beginning 




Based on the experimental results and mathematical work, 
it can be concluded that: 
1. In a pulse-excited web, the resultant wave is seen 
to be composed of two distinct parts: a high frequency 
"forerunner" wave in which the frequency progressively 
decreases and the amplitude increases, and a lower frequency 
main wave. 
2. Forerunner waves can exist in web materials having 
thickness on the order of 0.003 inch or more and moduli of 
elasticity on the order of 5*105 psi or more. 
3. The formation of forerunner waves is related more to 
the rise time of the exciting pulse than it is to the 
duration of the pulse. 
4. For the main part of the wave, the tensioned-plate 
model with air-loading adequately describes the relationship 
between tension and wave propagation velocity (phase 
velocity). 
5. The response of the forerunner wave is less well 
understood, but the following may be concluded: (a) For a 
given distance from the pulser, the apparent average 
frequency of the four or five largest distinct cycles of the 
forerunner wave is strongly related to tension. As the 
tension is increased, the apparent period of each of the 
sinusoidal waves composing the forerunner decreases thus 
indicating an increase in instantaneous frequency. This 
relationship could provide the basis for a new type of 
single-point tension measuring system. (b) For a given 
tension the wave propagating down the web in the machine 
direction shows an increase in overall length of the pulse 
envelope. The wavelets making up the forerunner show a 
decrease in frequency with distance. 
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6. The leading edge of the forerunner waves is 
difficult to detect because of the short wave lengths but 
frequencies of up to 17 KHz have been detected by the laser 
vibrometer. The point of origin of the forerunner waves is 
difficult to locate since the small amplitude waves dip below 
noise level, but it appears that the beginning of each 
measurable portion of the forerunner is seen to propagate at 
a velocity about 77% higher than the group velocity of the 
main part of the wave. As stated in chapter II, the group 
velocity for a pure plate with no tension is theoretically 
twice the phase velocity. However, for the tensioned-plate 
model or with air-loading, this statement is not valid and 
the group and velocities have much more complex relationship 
because of tension and air-loading effect. 
7. The velocity of propagation of the main body of the 
wave is related to the amplitude of excitation although this 
effect cannot be quantified at this time. The type of 
nonlinearity formed in wave's response to various air 
pressure source cannot be explained solely by the tensioned-
plat~ model with air-loading. This is probably due to two 
considerations: (a) The amplitude of excitation is much 
higher than can be analyzed by conventional linear plate 
81 
theory. Also for the tensioned-plate model with air-loading, 
the assumption is made of that no longitudinal particle 
motion is present; (b) The model is also based on the 
assumption of a plane wave front, which cannot exist in this 
case since the web is excited at a point instead of across 
the entire "ribbon". At the large amplitudes measured in 
these tests one must conclude that some coupling may exist 
between lateral and longitudinal motions. Such models exist 
for the large amplitude motion of strings but not for the 
large amplitude motion of a tensioned plate. 
8. Forerunner waves are not related to any type of 
acoustical coupling between the sound wave produced by the 
pneumatic pulse. The waves can be excited easily by purely 
mechanical excitation. 
9. Even though the waves propagate in two dimensions, 
most of the energy of the forerunners as well as that of the 
main waves propagates in a narrow channel in the machine 
direction. 
10. Forerunner waves can be excited more strongly when 
the pulser tube is oriented in the machine direction than in 
the cross direction. 
11. The formation of a strong tone-burst pulse having a 
frequency range beyond 5 KHz is almost impossible to achieve 
by non-contact means. Existing electro-mechanical exciters 
generally have piston areas too large to excite the small 
wavelengths required. Therefore, the pneumatic pulser 
developed through this work remains the best means of 
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exciting the web for non-contact tension measurement. 
12. The tensioned-plate model with air-loading shows 
that the phase velocity of the web is related to the 
frequency of excitation, for a given tension, in three 
distinct regions (Figure 40). Region I, at low frequencies, 
is similar to the membrane model with air-loading. Region 
II, at intermediate frequencies, is controlled by plate, air, 
and membrane effects. While region III, which is at very 
high frequency, seems to be controlled by the stiffness of 
the web. Experimental verification of the tensioned-plate 
model with air-loading has been made for regions I and II 
(Figure 12) but the existing experimental system is incapable 
of detecting the high frequency waves needed to verify the 
application of the model to region III. Region III shows 
that the velocity of propagation increases with frequency. 
The frequencies at which region III begins in common webs 
might be as high as 10 to 20 KHz for low tensions. This 
effect might explain the formation of the front of the 
forerunner wave train which also has a very high propagation 
velocity. The instrumentation described here does not have 
the resolution to verify this effect. 
13. Based on the investigation of the tensioned-plate 
model with the air-loading effect and with various type of 
materials, it can be concluded that the stiffness term is 
important, with the air-loading term probably less important 
in the absence of a nearby boundary. Other effects such as 
nonlinearity might exist. 
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5.2 Recommendations for Future Study 
1. The phenomenon of coupled longitudinal and lateral 
motion in the tensioned-plate model with air-loading should 
be investigated both analytically and experimentally. A new 
experimental setup for doing this might include the use of a 
narrow metal "ribbon" onto which small strain gages could be 
mounted to measure high frequency longitudinal st'rains. 
2. The formation of the head of the forerunner wave 
should be investigated experimentally. One possible method 
of doing this is to use Moire fringe techniques or other 
optical methods. 
3. The pulse excitation of the web results in waves 
propagating in the machine direction as well as in the cross 
direction. The shape of these waves is unknown, and while 
this information might be unimportant for tension 
measurement, the basic information would be valuable in 
understanding wave propagation in webs. The resultant wave 
patterns could probably be detected by Moire fringe 
techniques, also. 
4. One problem with the existing experimental setup has 
been that of easily controlling tension distribution in the 
static web. A new test machine should have a simple means of 
adjusting the tension distribution mechanically; i.e. finding 
a better means of controlling the-reference tension. 
5. The relationship between the mean frequency of the 
main body of the forerunner wave and the tension should be 
explored. A digital sampling system might be used to window 
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the main part of the forerunner so that the average period or 
frequency of the waves could be measured and related to 
tension. 
6. The new ten~ioned-plate model with air-loading, 
should now be incorporated with the data acquisition system 
of the on-line tension measuring machine (36). This would 
allow measurements to be made for a much wider range of web 
thickness than is now possible. 
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MEMBRANE WITH AIR-LOADING MODEL* 
The general equation of motion in one-dimension for a 
thin membrane under uniaxial tension is 
(A.1) 
Assume that solution for the displacement of the membrane has 
the following form: 
11(X,t) = Aej(Kx-oot) 
(A.2) 
In the atmosphere, the reactive force of the surrounding air 
can be expressed as 







(11 <:!: 0) 
(11 :S 0) 
(A.3) 
(A.4) 
The pressure wave has to satisfy the general wave equation in 
air: 
02P + 02P = ...l.. 02P 
cJx2 cJ112 c2 cJt2 (A.S) 
The second derivatives of the pressure wave with respect to 
*Rederivation from Merilainen, P., "Propagation and 
Excitation of Membrane Waves Loaded by Air", Microwayes 
Optics and Apoustics, Vol. 2, No. 5, pp. 147-152, 1978. 
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x, fl, and t are 
il2P+ = - PK2ej (Kx-c.ot)e-<rrJ a2p_ = PK2ej (Kx-c.ot)e-<rrJ cJx2 cJx2 
il2P+ = pq2ej (Kx-c.ot)e-<rrJ 
a2p_ 
= - pq2ej (Kx-c.ot)e-<rrJ 
drJ2 d'Y]2 
d2P+ = - Pw2ej (Kx-c.ot)e-<rrJ a2p_ = Pw2ej (Kx-c.ot)e-<rrJ 
at2 or at2 (A. 6) 
Substitute Eqn. (A.6) into Eqn. (A.S) and obtain 
(A. 7) 
Solve for the attenuation constant (q) in air: 
q = Y K2 - k 2 (A. 8 ) 
For continuity, the membrane velocity needs to equal the air 
particle velocity on the membrane surface. They are 
connected by the following equation: 
au - p- = Vp 









=> UTJ = 
iq - pro p at drJ (A.ll) 
In order to satisfy continuity condition, the traverse 
velocity of air particles is equal to that of the membrane at 
'Yl = o. 
Substitute Eqns. (A.ll) and (A.2) into Eqn. (A.l2), then 
i:g_ j = a (Aej (Kx-rot)) 




Replace the pressure wave with its amplitude and variation as 
shown in Eqn. (A.4) 
iq Pej(Kx-rot)e-d = _ iooAej(Kx-rot) 
poo -l'fl=O 
Solve for the amplitude of air pressure. 
poo2A 
p =- --q 
Substitute Eqns. (A.l5) and (A.4) into Eqn. (A.l) 





Take second derivatives of the displacement function with 
respect to x and t, and rewrite Eqn. (A.l6) as 
(A.l7) 
Cancel the common term, Aej(Kx-rot) and obtain 
(A.18) 
Then, solve for angular frequency, oo 
(A.l9) 
Substitute Eqn. (A.8) and Vph = oo/K into Eqn. (A.l9) 
(A.20) 
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Rearrange the above equation and then get the relationship 




The equation of motion for a tensioned beam is 
(B .1) 
Assume that solution for the displacement of the tensioned 
beam has the following form: 
'YI ( x, t) = Aej (wt-Kx) (B .2) 
and its second and fourth derivatives with respect to x and t 
are 
ci'Y) 
= - AI<:2ej (wt-Kx) 
<Jx2 
d4'YJ 
= AK4ej (wt-Kx) 
<Jx4 
d2'YJ 
= Aro2ej (wt-Kx) -
at2 
Substitute Eqns. (B.3) back into Eqno (Bol) 
(- TK2 - EIK4 )Aej(wt-Kx) = - o 1ro2Aej(wt-Kx) 
TK2 + EIK4 = o1ro2 
T(..Y!...) 2 + EI(..Y!...) 4 = 01ro2 
Vp Vp 
TVp2 + Eiro2 = o1Vp 4 
ol(Vp2) 2 - T (Vp2) - Eiro2 = 0 
Solve for phase velocity of plate, Vp 
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(B. 3) 
(B o 4) 
(B o 5) 
(B o 6) 
(B. 7) 
(B o 8) 
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v = ~T + -JT2+ 4o1Eioo2 p 
201 (B. 9) 
and solve for tension, T 
T = o 1Vp2 - EI 0>2 
v2 p (B.lO) 
APPENDIX C 
SOLENOID VALVES TESTING 
Several combinations of Eemco solenoid valves were 
tested to find the one that can provide the best acoustic 
signal. Table II lists the different parameters for the 
examined valves. An Electret microphone was located 2.25 
inches apart from the pulser tube. The setup is similar to 
Figure 9 (b) except no web and only one microphone is used. 
The pulser tube is 86 inches long, and its inside diameter is 
1/4 inch. The pulse generator is set at 3 ms and 106 ms for 
pulse width and spacing. The testing data show that the old 
Eemco valve produces the sharpest pulse in general. 
TABLE II 
EEMCO SOLENOID VALVES TESTING DATA 
ORIFICE SPRING COIL AIR TIME AMPLITUDE 
PRESSURE J.lSec mV 
.09 .23 20 63 428 
30 60 769 
40 60 913 
50 58 935 
60 56 914 
64 57 927 
.09 .023 4.8 20 60 516 
30 60 831 
40 58 919 
95 
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so 58 935 
60 56 919 
64 56 928 
.06 .02 4.8 20 61 125 
30 60 316 
40 60 453 
so 59 563 
60 59 663 
64 59 694 
.06 .02 regular 30 63 230 
40 60 397 
50 60 525 
60 59 644 
64 59 693 
.06 .023 regular 30 61 278 
40 59 454 
so 57 574 
60 57 684 
64 57 705 
.06 .023 4.8 30 57/59 356 
40 59 473 
so 59 592 
60 59 684 
64 59 711 
old old 4.8 20 57/58 85 
30 58 898 
40 58 906 
so 56 914 
60 58 602 
64 no pulse 
old old regular 20 59 750 
30 59 906 
40 57 906 
so 55 906 
60 no pulse 
old .023 regular 20 59 694 
30 58 898 
40 56 898 
50 rio pulse 
old .023 4.8 20 56 820 
30 58 898 
40 56 898 
50 59 797 
60 no pulse 
old .023 old 20 57 700 
30 56 914 
40 54 914 
50 56 664 
old old old 20 60 641 
30 58 891 
40 56 914 
50 55 914 
60 no pulse 
APPENDIX D 
SHAKER TESTS FOR MICROPHONE AND OPTEK 
SENSORS 
A shaker has a vibrating surface with controllable 
frequency. By setting up a OPTEK and a Electret microphone 
to sense the motion, the result is shown in Figure 36. Since 
it was very noisy when operating the shaker, the microphone 
also picked up the noise. The result shows that peaks for 
each trace are in the same locations. The microphone's 
signal shows 180° out of phase with the OPTEK sensor's, 
instead of 90°. Therefore, the microphone is not a velocity 
transducer since the OPTEK sensor is a displacement 
transducer. Based on the amplitude change of the 
microphone's signals when frequency was increased, it seems 
that the microphone is a displacement transducer. Due to 
frequency and amplitude limitation of shaker, frequency was 
only able to be operated up to 300 Hz. 
Figure 36. Signals of Electret Microphone, 
OPTEK Sensor, and Shaker 
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APPENDIX E 
STATIC CALIBRATION CURVES FOR OPTEK 
MODEL OPB 125AL 
To ensure the 3-mil paper is flat enough to do the 
calibration curves, tension is set at 2.65 pli. The distance 
between the web and the OPTEK sensor is adjustable by 
attaching the OPTEK sensor on a vertical traverse mechanism. 
Then, the static calibration curves are obtained by varying 














0.0 0.2 0.4 0.6 
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• Run #2 
0.8 1. 
Figure 37. Calibration Curves for OPTEK Model OPB 125AL 
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APPENDIX F 
SCHEMATIC AND BLOCK DIAGRAMS OF THE 
POLYTEC LASER VIBROMETER SYSTEM 
"[". ::C! ,, oc::xrr. 
] 
c~ +0 -0 " 
Source: Operator's Manual for OFV-2600/0FV 
vibrometer system, Polytec 
Figure 38. Schematic Diagram of the Polytec 
Laser Vibrometer 
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Source: Operator's Manual for OFV-2600/0FV 
vibrometer system, Polytec 




TENSIONED-PLATE WITH AIR-LOADING MODEL 
The general equation of motion in one-dimension for a 
tensioned plate is 
(G .1) 
Assume that solution for the displacement of the tensioned 
plate has the following form: 
11 ( x' t) = Aej (rot-Kx) (G .2) 
and its second and fourth derivatives with respect to x and t 
are 
a211 
= - AK2ej (rot-Kx) 
ax2 
0411 
= AK4ej (rot-Kx) 
ox4 
0211 _ Aoo2ej (rot-Kx) --
ot2 (F. 3) 








Solve for phase velocity, Vph 
T1 + v T,'+ 4(o1 w)Eioo2 
(G. 9) 
and solve for tension, T1 
(G.lO) 
APPENDIX H 
EXPERIMENTAL AND CALCULATED DATA FOR MEAD 
80 LB SIGNATURE DULL 
Table III 
Experimental and Calculated Tensions for 
Mead 80 Lb. Signature Dull 
TYPE OF WEB: 80# SIGNATURE DULL 
WIDTH OF WEB: 0.1524 m 
DENSITY OF WEB: 0.1213 Kgfm2 
THICKNESS OF WEB: 9.84E-05 m 
YOUNG'S MODULUS: 7.32E+9 Pa 
SPEED OF SOUND: 331.6 m/sec 
DENSITY OF AIR: 1.21 Kg/m3 
DISTANCE OF SENSORS: 0.2032 m 
MOMENT OF INERTIA: 1.21E-14 M4 
FREQ. TIME VEL. TENSION 
Hz sec m/sec N/m 
DEAD STRING MEM TENSION BOTH 
WEIGHT W/AIR BEAM W/AIR 
298 7.56E-3 26.88 85.23 87.63 112.84 84.82 110.03 
352 7.36E-3 27.61 85.23 92.46 115.56 88.73 111.83 
403 7.32E-3 27.76 85.23 93.47 113.98 88.63 109.14 
446 7.24E-3 28.07 85.23 95.55 114.69 89.74 108.89 
500 7.16E-3 28.38 85.23 97.70 115.37 90.58 108.25 
556 7.08E-3 28.70 85.23 99.92 l16.37 91.32 107.77 
595 7.04E-3 28.86 85.23 101.06 116.68 91.30 106.92 
641 6.92E-3 29.36 85.23 104.59 119.86 93.66 108.93 
694 6.84E-3 29.71 85.23 107.05 121.65 94.51 109.11 
758 6.76E-3 30.06 85.23 109.60 123.47 95.03 108.89 
806 6.68E-3 30.42 85.23 112.24 125.74 96.12 109.62 
301 7.04E-3 28.86 114.42 101.06 131.92 98.56 129.42 
352 6.76E-3 30.06 114.42 109.60 139.43 106.45 136.28 
403 6.64E-3 30.60 114.42 113.60 141.09 109.61 137.11 
446 6.60E-3 30.79 114.42 114.98 140.27 110.16 135.44 
500 6.48E-3 31.36 114.42 119.28 143.14 113.44 137.30 
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543 6. 44E-3 31.55 
595 6.36E-3 31.95 
658 6.28E-3 32.36 
694 6.24E-3 32.56 
758 6 .16E-3 32.99 
397 6.12E-3 33.20 
455 6. 08E-3 33.42 
500 6. 04E-3 33.64 
543 5. 92E-3 34.32 
610 5.80E-3 35.03 
658 5. 72E-3 35.52 
694 5. 68E-3 35.77 
758 5. 64E-3 36.03 
806 5. 60E-3 36.29 
847 5.58E-3 36.42 
893 5. 54E-3 36.68 
943 5. 50E-3 36.95 
1000 5. 46E-3 37.22 
403 5.52E-3 36.81 
455 5. 48E-3 37.08 
500 5. 40E-3 37.63 
543 5.36E-3 37.91 
610 5.32E-3 38.20 
658 5.28E-3 38.48 
694 5. 24E-3 38.78 
758 5.20E-3 39.08 
806 5.20E-3 39.08 
862 5 .18E-3 39.23 
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943 5.14E-3 39.53 172.79 189.58 214.98 
1000 5.14E-3 39.53 172.79 189.58 213.54 
397 5.16E-3 39.38 201.98 188.11 247.80 
446 5.20E-3 39.08 201.98 185.23 237.07 
500 5.12E-3 39.69 201.98 191.06 239.56 
543 5.08E-3 40.00 201.98 194.08 239.77 
595 5.04E-3 40.32 201.98 197.17 239.90 
658 5.00E-3 40.64 201.98 200.34 239.93 
714 4.96E-3 40.97 201.98 203.58 240.95 









































806 4.90E-3 41.47 201.98 208.60 242.93 199.92 234.25 
847 4.88E-3 41.64 201.98 210.31 243.39 200.81 233.88 
909 4.86E-3 41.81 201.98 212.05 243.26 201.20 232.42 
943 4.84E-3 41.98 201.98 213.80 244.26 202.22 232.68 
1000 4.82E-3 42.16 201.98 215.58 244.68 202.67 231.77 
APPENDIX I 
VELOCITY VS. FREQUENCY FOR 3M RECORDING 
MEDIUM 
Table IV 
Velocity vs. Frequency for 3M Recording 
Medium 
TYPE OF WEB: 
WIDTH OF WEB: 
DENSITY OF WEB 
THICKNESS OF WEB: 
YOUNG'S MODULUS: 
SPEED OF SOUND: 
DENSITY OF AIR: 
MOMENT OF INERTIA: 
TENSION OF WEB: 

















































































19 5.47 5.47 
20 6.44 6.44 
21 7.53 7.53 
22 8.75 8.75 
23 10.12 10.12 
24 11.63 11.63 
25 13.32 13.32 
26 15.18 15.18 
27 17.24 17.24 
28 19.51 19.51 
29 22.02 22.01 
30 24.77 24.77 
31 27.80 27.80 
32 31.14 31.14 
33 34.80 34.80 
34 38.82 38.82 
35 43.24 43.24 
36 48.10 48.10 
37 53.43' 53.43 
38 59.30 59.30 
39 65.76 65.76 
40 72.87 72.87 
41 80.72 80.72 
42 89.39 89.38 
43 98.98 98.97 
44 109.62 109.61 
45 121.44 121.43 
46 134.62 134.60 
47 149.36 149.33 
48 165.89 165.85 
49 184.51 184.45 
50 205.59 205.51 
51 229.57 229.46 
52 257.03 256.86 
53 288.67 288.43 
54 325.44 325.09 
55 368.58 368.05 
56 419.75 418.94 
57 481.26 479.98 
58 556.39 554.29 
59 649.96 646.40 
60 769.38 763.00 
61 926.64 914.47 
62 1142.48 1117.27 
63 1456.18 1398.11 
64 1952.29 1799.05 
65 2851.97 2375.42 
66 4976.64 3161.45 
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• Tension = 3 pli 
• Tension = 1 pli 
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Frequency (Hz) 
Figure 40. Predicted Velocities by Tensioned-Plate 
Model with Various Frequencies 
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APPENDIX J 
VELOCITIES DUE TO AIR-LOADING EFFECT 
Table V 
Velocities due to Air-Loading Effect 
TYPE OF WEB: 
WIDTH OF WEB: 
DENSITY OF WEB 
THICKNESS OF WEB: 
YOUNG'S MODULUS: 
SPEED OF SOUND: 
DENSITY OF AIR: 
MOMENT OF INERTIA: 
TENSION OF WEB: 
DISTANCE BETWEEN 






































































































SAMPLE CALCULATION FOR STIFFNESS 
The Mead 80 LB. signature dull is used as the testing 
material. Its density and thickness are fixed parameters. 
The length and width of the web is selected. 
Fixed parameters: 
{ 
o2 = 0.1213 Kg/m2 
h = 98.4J.Un or t: 
Measured Data from Figure 41: 
{ 
x1 = 681.25 mv 
x2 = 475 mv 
'td = 152 ms 
2.999 in 
0.395 in (K.1) 
(K. 2) 
Based on the measured data, the damping frequency of the web 
can be determined by 
fd = 6.5789 Hz 
(K. 3) 
and the damping coefficient can be calculated by 
z;, = 0.0462 
(K. 4) 
Therefore, 
fn = 6.586 Hz 
(K .5) 
Calculate the web's moment of inertia and mass: 
111 
=> I = 7.94* 10-16 m4 
=> m = 9.2704*10-5 Kg 





Therefore, the Young's modulus for Mead 80 LB. signature dull 
is 
E = 7 .14*109 Nfm2 
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Figure 41. Free Vibration Signals of 
Mead 80 LB. Signature Dull 
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